A comprehensive data set for the acute toxicity of monochloramine to juvenile chinook salmon, Oncorhynchus tshawytscha, and the aquatic invertebrate Ceriodaphnia dubia are presented. For exposures up to 10 days, the equation LC50 = 7244t -0.4525 (where LC50 = monochloramine concentration in µg/L for 50% lethality and t = time in minutes) can predict the LC50 value for monochloramine in juvenile chinook salmon and accounts for 94.4% of the variability in the experimental data. Predictions of acute toxicity were less reliable for concentrations in the range 0.5 mg/L to 0.8 mg/L since the time to 50% mortality (LT50) value varied substantially in this range. Post-exposure mortality occurred only with exposures of >0.67 mg/L monochloramine. Feeding fish immediately before and during acute monochloramine exposure created a large chloramine demand in test chambers. In all tests where fish were fed, measured monochloramine concentrations were below detectable levels (<10 µg/L) and no fish mortality occurred.
Introduction
Inorganic chloramines are widely used as a disinfectant for municipal drinking water prior to its distribution and for wastewater prior to discharge to the environment as well as an anti-fouling agent for indus-trial cooling water. For example, in Canada, over 1 × 10 9 m 3 of drinking water is treated annually using inorganic chloramine concentrations of around 1 ppm. Thus, around 1,500 tonnes of inorganic chloramines are used annually to disinfect drinking water (Pasternak 1998) . Chloramination offers benefits over the more traditional use of chlorination in that inorganic chloramines are more stable in water than chlorine, which leads to lower costs and maintenance for water disinfection. Inorganic chloramines can enter the aquatic environment in a number of ways and thereby endanger the biota. For example, accidental breakage of a large water distribution pipes and release of chloraminated water for even a few hours in rural areas near to aquatic ecosystems has caused extensive juvenile fish mortalities (Nikl and Nikl 1993) . In addition, release of chloraminated cooling water and wastewater is like to create a zone of biological damage near to the discharge pipe unless the chloramine concentration at "end-of-pipe" is below the threshold for biological damage. Unfortunately, the biological consequences of both deliberate and accidental releases of inorganic chloramines to the aquatic environment are still not fully understood. Therefore, the purpose of the present study was to further our knowledge of the acute toxic effects of monochloramine on freshwater organisms. Monochloramine is usually the dominant inorganic chloramine in most freshwater situations.
Comprehensive data sets describing the relationship between exposure time and monochloramine toxicity for sensitive aquatic species are lacking. This data gap was identified when the aquatic toxicity information for inorganic chloramines was recently compiled and reviewed (see Wagenaar et al. 1997; Lemke and Farrell 1997; Canadian Water Quality Guidelines 1999) . While numerous studies have reported monochloramine toxicity, most have focused on a single exposure time. This creates problems when these data are applied to risk assessments because the lethal concentration of most toxicants is inversely related to exposure duration, which can vary depending on the application in question. Furthermore, an assessment of the relative toxicity among aquatic species may be hampered because data are not always available at comparable exposure times. Ideally, a reliable set of time-to-lethality data would be an appropriate reference point for such assessments. Consequently, the goal of the present study was to perform comprehensive time-to-lethality acute toxicity studies with a sensitive species of freshwater fish and a sensitive species of freshwater invertebrate. Existing data suggest that juvenile salmon (Larson et al. 1977a,b) and daphnids (Kaniewska-Prus 1982; Taylor 1993) are among the more sensitive freshwater fish and invertebrates. Therefore, in the present study, the acute toxicity of monochloramine to juvenile chinook salmon (Oncorhynchus tshawytscha) and Ceriodaphnia dubia was examined.
Material and Methods

Fish
Juvenile chinook salmon (0.67 to 1.96 g) were obtained from the Pacific Environmental Science Centre (PESC), North Vancouver, British Columbia. Fish were held and tested in aerated municipal water that had been filtered and dechlorinated (pH 6.1 to 6.7; hardness 6.0 mg CaCO 3 /L; temperature 7 to 8°C, photoperiod 12L:12D). Fish were acclimated for a minimum of 3 weeks before toxicity tests began. There was no fish mortality in the stock population during the 3-month holding period. In shortterm toxicity tests fish were fed with BioDiet Trout Feed (Warrenton, Oregon) ad libitum daily until 2 days before toxicity testing was started. This period of fasting minimized the amount of feces deposited in the test chamber. In long-term experiments, it was necessary to feed fish once daily during the toxicity testing period.
Invertebrates
A stock culture of Ceriodaphnia dubia, provided by the PESC, was used to establish a culture at Simon Fraser University. The culture media, rearing conditions and subculture methods were those outlined in Environment Canada (1992). Rearing and testing was performed at 20°C under a 16-hour light: 8-hour dark photoperiod. Animals were transferred between containers using plastic pipettes without being exposed to air. Monochloramine concentration range-finding tests were performed on first and second generation neonates to evaluate monochloramine demand and decay within the exposure apparatus. Test organisms for the toxicity tests were third generation neonates 12 to 24 hours old.
Exposure and Test Conditions Fish
Two types of exposure tests were performed with fasted chinook salmon: acute exposures lasting <12 hours and sub-acute exposures lasting 12 hours to 10 days. An experiment with an exposure lasting >10 days was also attempted with fed fish, in addition to a post-exposure mortality experiment. A computer-controlled dosing apparatus was used for all tests. The testing apparatus, testing protocol and validation all have been described previously (Johansen and Geen 1990; Janz et al. 1991; Kennedy et al. 1995; Wood et al. 1996) . Briefly, the exposure chambers were 8-L glass vessels into which a group of 10 fish were placed at least 3 hours before a test began. Water was replaced in a test chamber every hour, i.e., there was intermittent replacement of the test chemical during the exposure. Usually, a set of six test chambers was run simultaneously, in which one vessel acted as a control and received dechlorinated water only; the remaining vessels contained various concentrations of monochloramine. The same experimental apparatus was used for the acute toxicity tests of <12 hours in duration; however, in these tests the water was not changed, i.e., there was a static chemical exposure. Two sets of tests were performed in which the fish were fed daily during the exposure period with the intention of extending the exposure period beyond 10 days. In these tests, excess food and feces were siphoned out of the test chamber twice daily. The exposure was normally continued until 100% mortality had occurred in all test chambers. However, in one experiment, used to determine post-exposure mortality, the test chamber was flushed with fresh water immediately after half of the fish had died. The surviving fish were placed first into individual aquaria that received a continuous flow of fresh water, and then, after 5 days, they were pooled in a single aquarium for a further 2-week observation period. These fish were offered food daily.
The frequency of observations of fish varied according to the monochloramine concentration. At the highest concentrations, fish were observed continuously for 30 minutes and then every 15 minutes. At the lowest concentrations, observations were made every hour up to 4 hours and then every 4 to 6 hours except at approximately the time of 50% mortality, when the frequency of observations was increased. This observation frequency was sufficient to determine when most individual fish had died. Mortality was defined as the cessation of opercular movement for at least 1 minute.
Invertebrates
The normal protocol for toxicity testing with C. dubia includes a static chemical exposure in beakers and microscopic observation of the invertebrate heartbeat (Environment Canada 1992) . However, in the present study, the rapid decay of monochloramine in static exposure vessels made this approach impractical. Therefore, a novel static-replacement exposure system was designed that permitted easy observation of the organisms while allowing rapid replacement of the monochloramine solution at regular intervals without excessive disturbance to the animals. This approach was used because the flowthrough test apparatus precluded regular, accurate visual observations of these small animals during the exposure. The exposure vessels used in the present study were screw top, transparent, polyethylene centrifuge tubes (15 or 45 mL) in which the bottom of the tube was replaced by 60 µm mesh Nitex netting. Four or five of these tubes were suspended in a main vessel, a transparent plastic container (740 mL or 1 L). One main vessel was used for each test monochloramine concentration, and a total of 10 animals (2 to 3 per tube) were tested at each concentration. The main vessel was filled with the test solution, leaving very little air space, and was covered with either a lid or Parafilm, through which suitably sized holes had been made to support the tubes. In either case, volatilization of monochloramine was reduced. The bottoms of the tubes were about 2 cm above the bottom of the main vessel. For staticreplacement bioassays lasting <36 hours, test water was replaced hourly by pouring out a portion of the monochloramine solution from the exposure container and displacing the remainder of the contents with a freshly made chloramine solution. The tubes were then lifted several times to promote water exchange within each individual tube containing the animals.
Visual observation of C. dubia swimming in the tubes was possible under incidental lighting without removing the tubes from the container. Observations were as frequent as every 10 minutes and never longer than immediately before an hourly change of the monochloramine solution. The frequency of observations increased near the approximate LT 50 value. The activity status of individual animals was recorded and used as a sign to increase the frequency of observations since it was noted that C. dubia activity decreased as animals approached death. Moving the tube vertically could dislodge animals that rested on the bottom of the tube, a behaviour that became more common as the animals neared death. If alive, renewed swimming movements could be clearly seen. Animals were counted as dead when all swimming and antennal movements had ceased. For exposures lasting >36 hours, test containers holding the centrifuge tubes were connected to the computer-controlled dilution apparatus (as described above for the tests with fish). Every 15 minutes, 250 mL of fresh test solution was supplied to a container (i.e., an intermittent flow). Observations were made between renewals by disconnecting the inflow tube and lifting the main container to the incident lighting.
Chemical Preparation and Analysis
Synthesis and standardization of the monochloramine stock solution (approximately 25 mg/L) was based on previous, more detailed calibration studies (Environment Canada 1998). Aqueous solutions of monochloramine were prepared by the reaction of ammonium chloride solution with sodium hypochlorite using deionized water and in a ratio of 3 moles of ammonia to 1 mole of hypochlorite. The exact concentration of total residual chlorine in the stock solution was confirmed amperometrically and by the DPD method (Environment Canada 1998). Monochloramine stock solutions were stored at 4°C in the dark for no longer than 2 days, during which time they remained sufficiently stable (<10% loss). An initial monochloramine demand existed in all test vessels, which was assessed using a preliminary batch of monochloramine solution, and taken into account when dilutions of stock solutions were made. The adequacy of the computer-controlled dosing apparatus and the stability of the monochloramine in the exposure vessels was confirmed in two separate sets of tests in which monochloramine was pumped for 3 to 4 days into empty exposure vessels. Water samples were taken twice from each vessel and analyzed within 24 hours by the inorganic chemistry section at PESC using high pressure ion chromatography (limit of detection = 10 µg/L).
In the fish exposure tests, water samples were taken 2 to 4 hours after the beginning of each test and again after 7 days in long-term tests. Water samples were stored in the dark at 4°C and analyzed within 24 hours at PESC using high pressure ion chromatography (limit of detection = 10 µg/L).
In the tests with C. dubia, 1-L batches of monochloramine test solution were made up in well water immediately prior to use. The well water (pH 7.6 to 7.8) had a similar composition to the synthetic hard water recommended for testing with C. dubia. The initial concentration of monochloramine solution added to the static system was always measured amperometrically (amperometric method limit of detection = 3 µg/L). (Amperometric measurements were verified on some duplicate water samples using high pressure ion chromatography analysis at PESC.) The final monochloramine concentration in each test container was measured within 1 hour and usually in less than 10 minutes after the last animal died. All chloramine concentrations reported herein are measured concentrations.
Data Analysis
The first observation time when 20%, 50% and 100% of the animals were recorded as dead was assigned the LT 20 , LT 50 and LT 100 value, respectively, for a particular monochloramine concentration. In most cases, the timing of the death of every animal was recorded; in all other cases interpolation was used (Meyer et al. 1995) . No control fish died during any test. No mortality of C. dubia occurred in control exposures lasting <36 hours. With longer exposures, any mortality in the control group was accounted for in calculating the time-to-lethality using Abbott's formula (Abbott 1925).
The normal measure for lethality with C. dubia (Environment Canada 1992) is the absence of a heartbeat when observed under a dissecting microscope. In the present study, test vessels were capped to minimize the loss of monochloramine and so animals were not removed from the test chambers. Therefore, the cessation of swimming and antennal movements were used as measures of lethality. In three experiments, nonmotile animals were removed from the test chambers and observed under a dissecting microscope for the presence of a heartbeat. It was confirmed that the non-motile animals were dead. The use of immobility rather than heartbeat may have underestimated the LT 50 to a small degree, i.e., our procedure was somewhat conservative by prematurely scoring some moribund animals as dead. However, no animal would have been incorrectly scored as moribund because observations often were continued for many hours after they were first noted as immobile.
The time-to-lethality values for fish and invertebrates were plotted against the monochloramine concentration. Power functions for LT 50 data were generated by first regressing ln(LT 50 ) on ln(exposure) with the following generalized linear regression model:
where MC is the monochloramine concentration in µg/L, t is the time in minutes, a is the slope and b is the intercept. Equation 1 was detransformed to produce an exponential equation of the form:
Results
Chemical Analysis
For the fish bioassays, the analysis of water from vessels that did not contain fish revealed that the initial monochloramine demand of the test chamber was variable and ranged from minimal to as much as 50% for nominal concentrations of 0.08 mg/L to 2 mg/L monochloramine. Nevertheless, the measured monochloramine concentration varied by only 15% on average over time within this concentration range. At nominal concentrations of <0.05 mg/L, the chloramine demand was unacceptable because, over a 3-day period, the measured concentration fell below the chemical detection limit (10 µg/L). Fish were normally fasted before and during sub-acute monochloramine exposures to avoid the monochloramine demand associated with the presence of food, a phenomenon that has been reported previously in C. dubia studies with monochloramine (Taylor 1993) . In two studies intended to last >10 days, fish were fed during the exposure period. In these tests, the nominal monochloramine concentrations ranged from 0.04 mg/L to 2 mg/L, but the measured monochloramine concentrations at 3 hours and at 3 days were all below the chemical detection limit (10 µg/L). Based on the tests with fasted fish, the highest test concentration should have caused fish mortality within 2 to 5 hours. Instead, there was no fish mortality whatsoever and so these experiments were terminated after 5 days.
For the C. dubia bioassays, measured monochloramine concentrations were regularly within 10% and always within 15% of the nominal concentrations over the entire monochloramine concentration range. Linear regression analysis of the initial versus final monochloramine concentrations yielded an R 2 value of 0.996 and a gradient of 0.939, suggesting the difference between the nominal and measured monochloramine measurements averaged 6%. Quality control experiments, in which water analysis was performed at intervals over 1 hour, revealed that the difference between the nominal and measured monochloramine concentrations was consistently and primarily a result of the initial chlorine demand of the test apparatus. Consequently, the measured monochloramine concentration was used to calculate the LT 50 for the C. dubia experiments. It was also found that if the test solution was left unchanged for up to 8 hours, the time-dependent decay of the monochloramine could be as much as 40%.
Juvenile Chinook Salmon
The results of the toxicity tests with 26 monochloramine concentrations are summarized in Fig. 1A . The exponential equation describing the juvenile chinook salmon LC 50 data for exposures between 10 and 10,000 minutes (6.94 days) is: LC 50 = 7244*t -0. 4525 (R 2 =0.944) Fig. 1B) .
Post-exposure observations revealed no mortality in fish exposed to monochloramine concentrations of 0.67 mg/L or less. However, fish that had survived 45 to 140 minutes exposures to >0.67 mg/L monochloramine expe-rienced post-exposure mortality during, but not beyond, an initial 5-day post-exposure observation period (Table 3 ). All fish were presented food during the first day post-exposure and only the 0.95 mg/L group refused Fig. 1 . A: Time-to-50% lethality data for juvenile chinook salmon. B: Time-to-50% lethality data for freshwater fishes as adapted from the database used by Lemke and Farrell (1998) . The data for chinook salmon (■ ■ ), coho salmon (+), other salmonids (▲ ▲ ), fathead minnow (×) and other species (• •) are distinguished by different symbols. The mathematically derived time-to-50% lethality reference line for juvenile chinook salmon is indicated by the heavy line, while the lighter reference line is time-to-20% lethality for juvenile chinook salmon.
food. All surviving fish were feeding on the second day post-exposure.
Ceriodaphnia dubia
The results for the toxicity tests using third generation C. dubia are shown in Fig. 2A . The exponential equation describing the C. dubia LT 50 data for exposures between 10 and 3,200 minutes (2.22 days) is: LC 50 = 61603*t -1. 0748 (R 2 =0.948) 
Discussion
A constant and known chemical concentration is a requirement of acute toxicity tests. In the present study, the difference between nominal and measured monochloramine concentrations averaged 15% for fish experiments. Previous researchers using monochloramine have not been as successful in this regard. However, maintaining low monochloramine concentrations in the fish chambers was difficult. In fact, nominal monochloramine concentrations of <50 µg/L could not be maintained above the chemical detection limit (10 µg/L) beyond a 3-day exposure even though there was regular replacement of the test solution. The loss of monochloramine may have been related to the formation of a biofilm on the walls of the test chamber. At the higher concentrations of monochloramine, a biofilm may not have been present because of monochloramine's action as a disinfectant. An even greater monochloramine demand was observed when the fish were fed. Feces, food and the biofilm may all have contributed to the enhanced loss of monochloramine. Despite a twice-daily siphoning, it was impossible to remove all the fecal matter from the test vessels without severely disturbing the fish. In addition, the biofilm that had built up on the inside of the glass test chamber by the third day was substantially more than that observed with fasted fish. Given these problems with the fish bioassays at low monochloramine concentrations, extraordinary lengths were taken to minimize monochloramine loss for the C. dubia bioassays since many of the concentrations tested were below 50 µg/L. In addition to replacing the monochloramine solution hourly, the tubes containing C. dubia were not open, reducing volatilization, but necessitating the use of a different measure of lethality (loss of swimming and antennal movements). The decay of monochloramine averaged only 6% for C. dubia experiments The present results, which are the first data for juvenile chinook salmon, compare favorably with those obtained with other salmonid species. Of the salmonid species studied to date, coho salmon (Oncorhynchus kisutch) appear to be the most sensitive species (Lemke and Farrell 1988) . Extensive studies of monochloramine toxicity during coho salmon development found that 20-day old larvae were the most sensitive life stage (Larson et al. 1977a ). The 96-hour LC 50 value for 20-day old coho larvae was 57 µg/L, while older and larger (~5 g) juvenile coho had a 96-hour LC 50 value of 82 µg/L. In comparison, the 96-hour LC 50 interpolated from our LT 50 regression line for 1.5 g chinook salmon is 144 µg/L (Table  2 ). This comparison suggests that chinook are between 1.8 times and 2.5 times less sensitive than coho. In another study with juvenile coho, a <1.95- (Holland et al. 1960 ), while our data yield an LC 50 of 840 µg/L. A similar developmental sensitivity to monochloramine was reported for the brook trout (Salvelinus fontinalis), Fig. 2 . A: Time-to-50% lethality data for Ceriodaphnia dubia. B: Time-to-50% lethality data for the freshwater invertebrates was adapted from the database in Lemke and Farrell (1998) . The data for C. dubia (■ ■ = this study, × = other studies), Daphnia magna (▲ ▲ ), Keratella cochlearis (+) and other species (◆ ◆) are distinguished by different symbols. The mathematically derived time-to-50% lethality reference line for C. dubia is indicated by the heavy line, while the lighter reference line is timeto-20% lethality for C. dubia.
with juveniles being the most sensitive life-stage and having a 96-hour LC 50 value of 82 µg/L (Larson et al. 1977b ). Thus, juvenile chinook salmon appear to be somewhat less sensitive to an acute monochloramine exposure than either coho salmon or brook trout. This difference in monochloramine toxicity could reflect differences in the pattern of early development between these three salmonid species.
While chinook salmon are not the most sensitive salmonid species, the comprehensive data set generated in this study provide a consistent, time-dependent reference for assessing monochloramine toxicity that is not available for other fish species. The value of such reference information is clearly illustrated in Fig. 2B , where a comparison is made with existing data on monochloramine toxicity for other freshwater fish species. Chlorine toxicity to aquatic organisms was previously assessed using a similar comparison method (Mattice and Zittel 1976; Mattice 1977) . A number of important points emerge from our comparison. Foremost, chinook salmon are among the more sensitive freshwater fish species. Other species of similar sensitivity include the blacknose dace (Tompkins and Tsai 1976) , channel catfish (Brooks and Bartos 1984), and rainbow trout (Brooks et al. 1989) . By contrast, the pike perch (Lucioperca lucioperca) has a 24-hour LC 50 of 20 mg/L (Strangenberg 1975 ; data not shown in Fig. 2B) . Second, the reference line clearly identifies more sensitive fish species. The common shiner (Notropis cornutus) (Brooks et al. 1989) , in addition to coho salmon and brook trout, is also more sensitive to monochloramine than juvenile chinook salmon. The fathead minnow appears to be the most sensitive fish species based on a 48-hour LC 50 value of 43 µg/L (Arthur and Eaton 1971). However, in the same report, a 21-week LC 50 of 85 µg/L and a 96-hour LC 50 between 85 and 108 µg/L are also given. No explanation is provided for this apparent variability in monochloramine toxicity for fathead minnows. Third, the time-to-50% lethality reference line for juvenile chinook salmon might have broad application in the assessment of monochloramine toxicity. For example, the form of the time-to-50% lethality curve appears to be quite similar for the common shiner and juvenile chinook salmon, as well as for exposures longer than 10,000 minutes with other juvenile salmonid species (cutthroat trout and rainbow trout).
There is a danger in extrapolating the time-to-50% lethality line for juvenile chinook salmon beyond 10,000 minutes. Ideally, time-to-50% lethality curves should become asymptotic to the time axis, i.e., there is incipient lethality, a threshold concentration below which a specified percent lethality does not occur in chronic exposures. However, this did not appear to be the case for the available data on freshwater fish that collectively extend to exposures of nearly 10 weeks (Fig. 2B) . Nevertheless, limited studies of chronic sublethal effects of monochloramine are clear about the presence of threshold exposure levels. For example, Arthur and Eaton (1971) reported that, for fathead minnows exposed to monochloramine for 21 weeks, the no observed adverse effect concentration (NOAEC) was 16 µg/L for spawning and the threshold for impaired egg production was 43 µg/L monochloramine. Thus, sublethal reproductive effects in fathead minnows had a threshold at a monochloramine concentration some two to five times lower than the measured LC 50 . However, if the time-to-50% lethality reference line for juvenile chinook salmon is extrapolated to a 21-week exposure, the LC 50 is 28 µg/L (Table 1) . Such a low LC 50 seems unlikely given the threshold for sublethal effects on fathead minnows and knowing that the acute toxicity is similar for fathead minnows and chinook salmon. Therefore, it seems more likely that the timeto-50% lethality line for chinook salmon does become asymptotic to the time axis, but longer-term monochloramine exposures are needed to resolve this. The present study illustrated the difficulty of such long-term studies because fish must be fed throughout the exposure period without causing unacceptable monochloramine loss. A specially designed exposure system would be needed to achieve this goal. Chronic monochloramine toxicity was also studied in rainbow trout exposed from the embryo stage through to 60 days post-hatch (Brooks et al. 1989) . The 60-day LC 50 was 49 µg/L and partial mortality of larval rainbow trout occurred with monochloramine concentrations as low as 16 µg/L. Thus, lethal effects of monochloramine appear to subside in freshwater fish at concentrations below approximately 40 µg/L and sublethal effects take over. The threshold concentration for growth inhibition was 8 µg/L, but the extent of growth inhibition was only 10% (Brooks et al. 1989) .
Post-exposure mortality was observed with chinook salmon, but only at a monochloramine concentration >0.67 mg/L. Previous experiments with emerald shiner Notropis atherinoides have also reported postexposure mortality (Brooks and Bartos 1984) . The emerald shiner appears to be unusually sensitive to monochloramine (a 2-hour LC 50 of 80 µg/L), but this finding that may be related to the high test temperature (25°C) being very near to the fish's upper incipient lethal temperature. Because 48-hour post-exposure mortality was used to calculate the 2-hour LC 50 , this data point was not plotted on Fig. 1B .
The present study provided the first comprehensive time-to-lethality data set for the acute toxicity of monochloramine to C. dubia, a sensitive freshwater invertebrate. Our data compare favorably with a previous report of acute monochloramine toxicity with C. dubia. Our interpolated 24-hour LC 50 value of 24.8 µg/L for unfed C. dubia is about twice as high as the previously reported 24-hour LC 50 of 12 µg/L measured at 25°C in a static exposure system (Taylor 1993) . The slightly cooler test conditions (20°C) in the present study might account for some of the difference in values. However, in the earlier study, the monochloramine concentration decayed from 0.3 mg/L to non-detectable (<0.01 mg/L) levels over 4 hours during static tests. How these declining monochloramine concentrations were accounted for is not explained. Instead, Taylor (1993) also performed tests with a continuous flow dosing apparatus and reported a somewhat higher 24-hour LC 50 value of 16 µg/L at 25°C. Taylor (1993) found that C. dubia were more sensitive to monochloramine at pH 6.8 compared with pH 7.0, the pH used in those tests. The present experiments were performed at a higher pH 7.6 to 7.8 and we replaced the monochloramine solution every 60 minutes to maintain monochloramine concentrations within 6% of the initial value; the hydraulic retention time of Taylor's continuous flow apparatus was 200 minutes.
Again, it is possible to use the time-to-lethality data for C. dubia as a reference line to compare available and reliable data on the acute toxicity of monochloramine to freshwater invertebrates (Fig. 2B) . From this comparison, it is clear that C. dubia is among the most sensitive freshwater organisms tested so far. C. dubia is certainly more sensitive than any freshwater fish except when the exposure duration is <30 minutes (see Table 1 ; compare Fig. 1B and 2B) . A large number of studies on monochloramine toxicity have involved the freshwater invertebrate D. magna. Fig. 3B clearly shows that C. dubia is more sensitive to monochloramine than D. magna in all but one of these studies. In fact, only one data point for D. magna (a 23.1-hour LC 50 of 15 µg/L) (Wan et al. 1999) lies below the C. dubia timeto-50%lethality reference line. The freshwater rotifer Keratella cochlearis is apparently more sensitive to monochloramine based on reported 4-hour LC 50 values of 19 to 27 µg/L (Grossnickle 1974; Beeton et al. 1976 ). However, the quality of the Keratella studies is a concern because apparently the mortality of the control animals was not accounted for when the LC 50 was calculated.
While C. dubia are clearly among the most sensitive freshwater invertebrates and the two studies with C. dubia show good agreement, Fig. 2B illustrates that there is considerable variability in monochloramine acute toxicity among other freshwater invertebrates. In particular, a large degree of variability exists among the reported 24-hour and 48-hour LC 50 values for D. magna (e.g., 48-hour LC 50 values ranged from 17 µg/L to 45 µg/L). The most tolerant invertebrate appears to be the Asiatic clam (Corbicula fluminea) with 24-hour LC 50 values ranging from 4 to 9 mg/L (Belanger et al. 1991) . Thus, an invertebrate that is target species for the anti-fouling action of monochloramine is around 500 times more tolerant than the most sensitive freshwater species.
As with chinook salmon, the studies with C. dubia did not show a threshold lethal concentration below which a specified percent lethality does not occur. Again, there is every expectation that a threshold lethal concentration does exist given the results of chronic exposure with D. magna where a LC 50 threshold concentration around 15 µg/L was apparent for exposures >7 days (Fig. 2B) . Clearly, any extrapolation of the timeto-50% lethality data for C. dubia beyond 3,200 minutes must be performed with caution. For example, the extrapolated LC 50 value of 3.1 µg/L for a 10,000 minute exposure (Table 1) appears to be untenable with a reported 15-week NOAEC of 3.4 µg/L for reproductive impairment with a freshwater amphipod (Gammarus sp.) (Arthur and Eaton 1971). Again, longer-term exposure studies with C. dubia are needed to resolve this issue of threshold lethal concentrations, but several methodological issues (including monochloramine decay over time, observing these small animals in a continuous flow dosing system, dealing with reproduction [C. dubia usually produce young in <7 days], and the problem of feeding C. dubia) will need to be resolved.
In summary, the acute and subacute lethality of monochloramine was examined in juvenile chinoook salmon and C. dubia. The outcome was comprehensive and mathematically described time-to-50% lethality data that could be used for a comparative evaluation with previous studies of monochloramine toxicity in freshwater animals. Chinook salmon had a monochloramine sensitivity comparable with other juvenile salmonids, but coho salmon are the most sensitive salmonid tested to date. C. dubia were more sensitive to monochloramine than any freshwater fish and were clearly among the most sensitive freshwater invertebrates. Although threshold lethal concentrations were not identified below which a specified percent lethality does not occur in chronic exposures, they likely exist but may be difficult to accurately demonstrate given a number of technical issues that will have to be resolved to maintain monochloramine concentrations constant while animals are fed.
